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We present an analysis of the Advanced Light SoyAleS) x-ray scattering experiment on pure
liquid water at ambient temperature and pressure described in the preceding article. The present
study discusses the extraction of radial distribution functions from the x-ray scattering of molecular
fluids. It is proposed that the atomic scattering factors used to model water be modified to include
the changes in the intramolecular electron distribution caused by chemical bonding effects. Based on
this analysis we presentgyo(r) for water consistent with our recent experimental data gathered at
the ALS, which differs in some aspects from tggo(r) reported by other x-ray and neutron
scattering experiments. Ogp(r) exhibits a taller and sharper first peak, and systematic shifts in

all peak positions to smallar. Based on experimental uncertainties, we discuss what features of
Ooo(r) should be reproduced by classical simulations of nonpolarizable and polarizable water
models, as well aab initio simulations of water, at ambient conditions. We directly compare many
water models and simulations to the present data, and discuss possible improvements in both
classical andb initio simulation approaches in the future. )00 American Institute of Physics.
[S0021-960600)50844-1

INTRODUCTION the oxygen—oxygen radial distribution function for water is
an important ingredient of many theories concerning pro-
The structural investigation of water has strong historicalcesses in water including the treatment of orientational
precedence, tracing roots at least as far back as Roentgergffects’'° phase changés,and hydrophobic hydratiotf1’
early work on the structure of water and the explanation ofThe question apparently remains, what can and cannot be
its density maximunt,and Bernal and Fowler's model of said about the structure of water from scattering experi-
hydrogen-bonding structure in the liqiidn principle, an  ments? What similarities in the published radial distribution
accurate characterization of the molecular structure of liquidunctions are to be taken rigorously, and what differences are
water can be found from solution scattering experimentsdue to experimental uncertainties? Better confidence in the
Narten and Levy's x-ray scattering studiesmd neutron scat- - experimental facts will hopefully also lead to a consolidation
tering experiments by Soper and Philfl@d Soper, Bruni, of the very large number of water models and simulation
and Ricct are commonly cited as the definitive sources formethods presently in use.
the radial distribution functions of the fluid at ambient con- We have recenﬂy performed a new X_ray diffraction
ditions. study of liquid water under ambient conditions at the Ad-
However, these experiments differ with respect to theyanced Light SourcéALS) at Lawrence Berkeley National
oxygen—oxygen radial distribution functiomoo(r). Fur- | aporatory that takes advantage of various state-of-the-art
thermore, the original neutron scattering experinfeintse- features of a modern day experiméfincluding quantita-
cent years have been revised from the earlier analysis firgfye characterization of the x-ray source together with the use
presented with the dafaThis has led to uncertainty on the of 4 more sophisticated CCD area detector. As shown in our
part of those developing or using water force fields as to thgyeceding companion article, we believe that the differences
overall robustness of a given water model when comparingeen petween our x-ray intensity profile and previously re-
the simulated results to those of experim@&iitin addition, ported scattering curves are significant.
The present article aims to make clearer the current ex-
dAuthor to whom correspondence should be addressed. perimental picture concerning the structure of liquid water as
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probed by x-ray and neutron scattering experiments, addres$he sums are over the atom types present in the sampke,

ing what features ofoo(r) should be reproduced by a water the atomic fraction of atom typie f;(Q) is the atomic scat-
model, and which water models favorably reproduce thos¢ering factof® for atom typei, p is the atomic density,;; are
features. The theory section discusses issues surrounding tthee intramolecular distances between atom centers, and
extraction of radial distribution functions from the x-ray g;;(r) is the radial distribution function describing intermo-
scattering of molecular fluids. We evaluate current models ofecular correlations between atom typesndj.

the molecular from factor for water and propose a modifica-

tion of the standard approach used for analyzing x-ray scat-

tering, motivated by the desire to include the changes in thd e molecular form factor

intramolecular electron distribution caused by chemical  The first term in Eq(2) corresponds to intramolecular
bonding effects. In the results, we presefz(r) for water  scattering arising from the electrons centered on the indi-
consistent with our recent experimental data gathered at thﬁdua| atoms Comprising the water monomer. This term is
ALS, which is different than th@oo(r) reported by other referred to as the molecular form factor ¢F(Q)?). The
x-ray and neutron scattering experiments. Most importantlyapproximation written above, where each atom is considered
we discuss what features 9o(r) should be reproduced by to have a spherical electron density distribution, is known as
a classical oab initio simulation of water at ambient condi- the Debye approximatioff. This expression is valid for a
tions. In the discussion, we compaggo(r) generated from  rigid molecule framework; we can include vibrational effects
simulations using many nonpolarizable and polarizable emgn the bond lengths by the simple modificafiéh

pi_rif:al force fields for water, as well as recently reporédal sinOr.

initio S|mulat|oqs, to our experimentally determ|r@go(r). <F(Q)2>:Z fi(Q)fJ(Q)exri—bi,-Q2/2) )

We conclude with a summary of our results and analysis, and ] Qrjj

examine how these new results impact current understandirwherebij is the variance of the length of the bond between

of the structure of water. atomsi andj. When using this form it is important that the
geometry and vibrational corrections for the monomer corre-
THEORETICAL CONSIDERATIONS spond to those appropriate for the liquid phase. However,
) ) R even after correcting for the proper geometry of the molecule
X-ray scattering experiments probe the distribution ofjy the condensed phase, this approximation is flawed. Ap-
electron density in a sample through the well-established res 5yimating the electron density distribution of water as a
lationship in the first Born approximatiof, superposition of electron densities centered on the individual
do 2 atoms is not faithful to the true charge distribution. The in-

== )

Ne
> beexp(iQ-ry) (1)  dividual atomic scattering factofare calculated for the iso-
=1 lated atoms; as the atoms come together and covalently bond
wheredo/dQ) is the differential scattering cross-section, theto form water, the charge density is changed significantly,
sum is over théN, electrons in the samplé, is the scatter- with a depletion of electron density from the hydrogens and
ing length for a single electron, tHe,} are the positions of more electron density centered on the oxy&eh.
the electrons, an@ is the momentum transfer for the scat- In principle we can calculate the deviation from E4)
tering process. In applying this formula it is required thatusing better approximations to the electron density of the
various corrections to the experimental data have been mad@onomer derived fron{gas phaseab initio calculations.
accounting for effects such as incoherent scattering, bearhhe most commonly used molecular form factor for water
polarization, multiple scattering, and container absorption. derives from calculations by Bluth from self-consistent
It is convenient for analyzing the scattering from mo- field-molecular orbitalSCF-MO wave functions calculated
lecular liquids to further separate this formula into contribu-by Moccia in 1964° His curve for(F(Q)?) as well as the
tions from individual moleculegself-scatteriny and inter- Debye approximation result are shown in Fig. 1. This curve
molecular correlations. Furthermore, the assumption ifas been recently recalculated using quantum chemical cal-
commonly made that the scattering can be represented aslations that include electron correlation and a significantly
arising from independent neutral atoms, each with a spheriarger basis séf The resulting curve, also shown in Fig. 1,
cal electron density distribution. Within these approxima-does not differ significantly from the SCF calculation. Also
tions, the observed scattering from a molecular liquid can behown in Fig. 1 is the experimentally derivéd(Q)?) from
written as recent x-ray scattering studies of gas-phase water after sub-
sinQr; traction of incoherent scatterirfg;the experimental result
il agrees excellently with the calculated curves. We therefore
Qrij can conclude that the spherically averaged Fourier transform
of the electron density of the water monomer is relatively
+Z xix;fi(Q)f;(Q)h;;(Q), (2) insensitive to the specific quality of the underlying wave
1= functions. It is important to note that all three of these curves
where differ significantly from the curve resulting from the Debye
sinQr approximation in the region of 1.0-4.0"A which corre-
_ c 2 sponds to the region of most interest for extracting the inter-
h”(Q)_Ampfo (g, (n=" Qr ° ® mpolecular correlgtions of water. ’

|<Q>=i2j XX Fi(Q)f;(Q)
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100 T T T

T as 33% of the observed scattering, and the molecular centers
radial distribution functions reported by many experimental
groups>! should not be interpreted ag,o(r), as is com-
monly seen in the computational literature. In fact, this argu-
ment rests on the flawed assumption that charge distributions
around each atom in the molecule correspond to the spherical
electron density of the isolated atom. As emphasized above,
the results of various investigations of the dipole moment of
bulk wateP®2%°%indicate that the water molecule is much
better represented as having far more charge around the oxy-
gen atom than is the case for the isolated atom.

20 L - To illustrate the effect of this, consider the following
simple approximation. If we redistribute charge on the water
monomer by placing an extra 4/3 units of charge on the
. . 5 . 16 oxygen atom and remove 2/3 units of charge from each of
Q/A the hydrogen atoms, we can augment the dipole moment to
be 2.8 D, more typical of the condensed phase. When these

FIG. 1. (F(Q)?) for water in the gas-phase. Legend: Debye approximation,considerations are placed into Egelstaff’'s argument, we find
Eq. (4) (solid line); SCF calculation on water monomgRef. 249 (circles;

Cl calculation on water monoméRef. 26 (squares experimentRef. 27 that th? wglght of O-O tern’!s-vs O-Hterms in thE.! observed

(triangles. scattering is actually 7:1, giving support to the picture that
the centers radial distribution is mostly comprised of
oxygen—oxygen correlations.

While we can state with certainty which is the proper  These considerations highlight the difficulty of calculat-
(F(Q)?) for the water monomer in the gas phase, the in-ng the predicted x-ray scattering for water. All applications
tramolecular term in E¢(2) should correspond to the elec- of Eq. (2) in the water scattering literature have always as-
tron distribution around the water monomer in the condensedumed spherical atom electronic distributions using the
phase. From the simple observation that the dipole momenitomic scattering factors derived from isolated atoms. This
of water in the gas pha&tis 1.86 D while it is estimated to  has the effect of overly weighting the O—H correlations in
increase to 2.6-3.0 D in the liquid phds@,it is apparent the predictions and further obscuring whether or not a simu-
that the monomer charge distribution changes significantlyated or extracted)(r) corresponds to reality.
upon solvation. Again we can quantify this change with the-
oretical calculations. The most recea initio simulation  Modified atomic scattering factors
studies of watérreport that the electron distribution around a . .
single water molecule is much changed from the gas phase, DeV|_at|ons fr(_)m the independent atom modeéiM) du_e
with more charge residing on the oxygen and a more spherf-o chemical g)ondlng effects have been known and studied for
cal distribution of charge. An attempt has been made to infnany yga_r§. Copper_1$ and others have developed sche_mes
clude these types of observations into an analysis of th or m.od|fy.|ng sc_atterlng factors tp take ac_:co_unt of chemical
x-ray scattering from watér While the change in the pre- onding, mchdTg the con_tractlon or dll_atlon of yalence
dicted intramolecular scattering was found to be significantele.Ctron dens5|t§, and allowing for aspherical ato_mlc scat-
it had little effect on the observed intermolecular correlationstermg, fact9r33. quever,.to our knowledge these "?'eas, have
because of statistical cancellatidiidn our present work we remained in the inorganic small mole.cule' diffraction Iltgra-
have used the most accurately known gas-phase data on tf; € and have never fc_Jund expression in the analysis of
molecular form factd® for normalizing and modeling the 'q“'d'St‘?‘te x-ray scattering. o
observed scattering. We will discuss below ways this ap- As discussed above, the Debye approximation performs

2 -
proach can be augmented and their consequent effects. madequatgly fo(F(Q) ) for gas ph_ase water_u_smg th? stan-
dard atomic scattering factof$ A simple modification is to

scale the atomic scattering factors by the proper factor which
gives a value of 1.86 D for the dipole moment of gas-phase
After the molecular form factor has been accounted forwater, i.e., multiplyfo(Q) by 1.11 andfy(Q) by 0.56, and
in Eq. (2), we can, in principle, extract the intermolecular recompute(F(Q)?) using Eq.(4). The result of this calcula-
correlations from the second term in this equation. It hagion is compared t@b initio calculations in Fig. 2. We can
often been stated that the x-ray scattering of water probesee that this simple adjustment has greatly improved agree-
almost entirely the oxygen—oxygen correlations only. Whilement at small, but at the sacrifice of agreement at laf@e
this statement seems self-evident given the scattering powdihe reason for this is apparent; the laf@éails of the atomic
of oxygen relative to hydrogen, the reason for this has noscattering factors probe the density profile of the core elec-
been clearly enunciated. Egelstaff and Root have suggéstedrons of the individual atoms. The core density would be
that the weight ofxéfé vs. the weight ofxoxyfofy for the  expected to change much less upon chemical bortiag,
intermolecular scattering terms is only 2:1 because of thean be seen by the fact that the Debye expression with the
increased number of O—H pairs in the liquid vs. O—0O pairslAM gives excellent agreement with the essentially exact
So it would appear that O—H correlations contribute as muchesult at largeQ.

<F(Q)>

o

The radial distribution functions
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100 T T T T to liquid water, we require two parameters for application of
Egs. (2), (4), and (5). « is fixed by the dipole moment of
liquid water (that we know lies in the range of 2.6—3.0,D

80 1 i but 6 remains unknown. Lacking knowledge of the true
liquid-state (F(Q)?2) for water, we will keepd at its gas-
50 & | phase value. The sensitivity of our results to both our choice

of dipole moment and the valence-electron delocalization pa-
rameter will be discussed at the appropriate places below.

Straightforward application of Eq$2), (4), and (5) to
& ' | | extractgoo(r) for water fromhgg(Q) is not possible due to

" the errors introduced by experimental truncatiorQispace.

20 | \X - The goo(r) obtained from such a procedure has spurious
o peaks introduced by the truncation and does not display the
_— proper limiting behavior at smail®>*! To reduce these prob-

0 . " . . 0 lems, our procedure differed from conventional approaches,

Q/A™ such asQ-space continuatich® or minimum noisé®’
methods, in that we proceeded from combinations of real-
FIG. 2. (F(Q)?) for water in the gas-phase. Legend: Debye with 1AM, Ed. gpace functions to find the optimabe(r) which best fit the
(4) (black ling; Debye with rescaled atomic scattering factagsay line; . . . . s .
Debye with modified atomic scattering factors, E§) (dot-dash; four- expe_rlmental data. To fmd.the opnmal radial dIS.tI’Ibu.tlon
Gaussian fit to Cl calculatiofRef. 26 (circles. function (RDF) we started with a “basis set” of radial dis-
tribution functions culled from simulations of various
potentials>”*~*!various experimental curvés$;*?and the-

This suggests a modification of the atomic scattering facoretical predictiond® These functions all had the useful
tors which rescales them properly at I&y but retains their  properties of displaying the proper smalbehavior, possess-
values at large®. Such a modification is the following: ing a desirable degree of smoothness, and possessing the

F/(Q)=[1+(a—1)exp —Q%26)1f(Q), (5) proper area under their curvésmall-Q behavioy. _

A linear least-squares program was used to find the op-

(MASF), f(Q) is the atomic scattering factor for the isolated

<F(Q)>
o

atom,« is a scaling factor giving the redistribution of charge, N A

and & is a parameter to be fit, representing the extent of goo(f)zz a900(T ), (6)
valence-electron delocalization induced by chemical bond- -

ing. where thegog(r) are the “basis” functions taken from the

For gas phase water, we choasdo correspond to the sources described above. Becausedhg(r) described by
gas phase dipole moment. The unknown param&tem be  this equation is a linear superposition of the basis functions,
fit by requiring the Debye expression curve to agree with thave can perform the optimization entirely {@-space, using
ab initio configuration interactioriCl) results. In modifying  linear superpositions of the corresponding,(Q) and re-
the atomic scattering factors, we could justifiably choose &ulting in a large savings in computational time.
separates for oxygen and hydrogen; however, this intro- After an optimal fit has been found from this scheme,
duces a second unknown parameter into our analysis, and warrious transforms were used to further optimize the curve
subsequently found this unnecessary. A single parameteind overcome any possible basis set limitations. Localized
choice of §=2.2A"* for both MASFs was found to give scaling and translation transforms of the form
excellent agreement when E@) was inserted into the De-
bye expression, Ed4) (Fig. 2). This single parameter fit to (14 ye POX%0%) f(x— e M X0 5 £ (x) (7)
the CI results confirms our chemical intuition and indicates

that the zeroth-order change in electron density upon formaleré applied to the optimajjoo(r) and optimized using

tion of a water molecule from isolated oxygen and hydrogerf ©Well's methoff’ to further improve the quality of fit. Un-

can be described as a transfer of charge from the hydrogdl€ the above procedure, this process is more computation-

nuclei to the oxygen nucleus, combined with a greater delodlly intensive because the real-space modifications are no
calization of electrons throughout the molecule. longer linear and a Fourier transform has to be taken at each

step to compute the resulting change in scattering. Powell's
method was used because derivatives are also no longer
available.

The advantage of the MASF formalism lies in the firmer The advantages of working in real-space while fitting the
foundation it provides for extraction of the oxygen—oxygenexperimental curve is that we remain the entire time in a
(O0) and possibly oxygen—hydrogé®H) correlations from  space of functions that satisfy the important smadihd glo-
the experimental scattering curves. With the proper scalingyal constraints on possiblgoo(r)’s. Truncation errors in
they allow the correct weighting of OO and OH correlations,Q-space are no longer a problem, and we can address the
allowing one to extracgpop(r) and not only a molecular issue of what range of RDFs will satisfy the data in the given
centers radial distribution function. In applying the MASFs experimentalQ-range. However, truncation imspace is now

Fitting procedure
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FIG. 3. Comparison of current experimentgdo(r) with previous work.  FIG. 4. Predicted x-ray scattering for tiggo(r) in Fig. 3 compared with
The fit was obtained witly=1.333 ands=2.2 A~* for the ALS data, x-ray ~ €xperiment. Legend: Huret al, x-ray (black line; best fit(gray line.
(black ling; Narten and Levy, x-rayRef. 3 (dashed ling Soper and Phil-
ips (Ref. 4 (dot-dashed line Soper, Bruni, and Ricci, neutrofRef. 5
(gray line.

ure are previous experimental determinationggd(r) from

a possible problem, depending on how far our basis funcvarten’s x-ray scattering experimenithe neutron scattering

tions continue in real-space. Fortunately, this only affects th experiment by Soper and Phillisind recent neutron scat-

low-Q region of the predicted scattering curve, and this doegermg work by Soper, Bruni, and RictiOur fit was obtained

. . . —using values ofa=1.333, which corresponds to a liquid-
not affect the quality of our fit since our experimental data is hase diole moment of 2.8 D. adk2.2 AL as derived
truncated at a relatively high value =0.4A". The be- P P e ' :

.above. The predicted x-ray scattering for this fit is shown in

mostly uninteresting and simply describes the lack of signifi-?:'g' 4, in comparison to the present experimental scattering

cant long-wavelength correlations in liquid water. TQe curve.
” 9 g ¢ n igud : As seen in Fig. 3, the differences between the current fit
=0 value of the scattering curve gives the isothermal com-

pressibility of water and enforces a constraint on the totaf;md earlier determlnatlons @oo(r) are in the hel_ght ‘qu
: . . sharpness of the first peak, as well as a systematic shift in all
integral of the RDFs. However this constraint should be en- o .
. - peak positions to smaller values ofWhat are the meaning
forced only strictly at ther=c« limit of the RDFs, . . .
. . .. of these differences if any? There has been considerable con-
and can only be used as an approximate constraint at finite . . . . )
values ofr usion in the simulation community as to what aspects of the

The basis set of RDFs used in the present procedurread'al distribution functions derived from scattering experi-

. N . . ments can be quantitatively compared against simulation.
contained values up to=12.4 A, corresponding to simula- . . -
The neutron scattering experiments have undergone revision

tions of a box of 512 waters; this provides values of pre-. . o
in recent years away from the earlier analysis first presented

. . — _1 . .
dicted scattering up toQ O'Z.SA , sufficient for our o ot 545 There has also been criticism that the re-
present experimental data. With accurate data extending to

. rported experiments by Narten and Levy could not be repro-
lower Q, we would need to repeat our procedure with longe . . . ) 0
RDFs duced based on the information given in Ref’3n the

development of the TIP4P-FQ model, a comparison of simu-
lated results to those of experiment was considered to the
unhelpful® while recentab initio simulations give credence

To apply the fitting procedure discussed above, we seto peak positions 0foo(r) only In what follows we pro-
lected various trial functions fogoy(r), and extracted the vide guidance as to what experiment can actually say in re-
0oo(r) which best fit the experimental curve with this as- gard to this particular measure of ambient water structure.
sumed oxygen—hydrogen correlation. In principle, our fitting ~ We first mention that the magnitude of peak and trough
procedure could be used to simultaneouslygfilo(r) and  heights for the second and third peaks is highly consistent
don(r) to the curve. However, preliminary investigations in- between the very different scattering experiments: recent
dicated that the total scattering curve is too insensitive to théime of flight neutron scattering data-ray diffraction using
form of gou(r), and a relatively wide range of choices for a reflection geometry setdpand our recently reported ALS
gon(r) were consistent within experimental uncertainty anddata’® It is even reasonably consistent between our ALS data
the quality of our fits. and older neutron studies by Soper and Phiffizge would

The goo(r) resulting from this procedure is shown in conclude that magnitudes of the second and third peaks are
Fig. 3, assuming the experimentghy(r) determined by worth reproducing by simulation, and we compare how vari-
Soperet al. from neutron scatteringAlso shown in the fig- ous water models perform in this regard in the next section.

RESULTS
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0.5 T T T T T tially damped ripples, decaying much faster than the present
data. We can extend the ALS data to lar@im an attempt

to extract thegpo(r) straight from this. Figure 5 also shows
that simulation models with sharper first peaks such as
SPC/E*! have a much more simildrgg(Q) to our ALS data

at largeQ, and appear as more logical choices for the exten-
sion to even larger values @. Doing this, and applying an
inverse Fourier transform, retrieves a first peak nearly iden-
tical to the first peak present in the SPQJE(r). On the

. other hand, extending the data by substituting, for example,
Narten’s hog(Q) at high-angle produces goo(r) with a
shortened and broadened first peak. This confirms that this
region ofhgo(Q) is in part or largely responsible for deter-

. . . mining the first peak height and breadth, but also it shows
0 2 4 6 8 10 12 that the data in the range that we have is much more consis-

Q/A” tent with a taller first peak, rather than showing the heavy

FIG. 5. hoo(Q) from experiment and simulation. Legend: Narten and Levy exponential damping exhibited in Narten’s and Soper's

(Ref. 3 (dot-dash ling Soper, Bruni, and RicdiRef. 5 (gray line); current curves. )
work (black line; SPC/E(Ref. 41 (dashed ling The curve for Narten and Interestingly, because of the greater sharpness of the

Levy isHy(Q) taken from their articléRef. 3; the curve for Sopeet al.is  peak, the higher first peak height does not imply a higher
taken from applying a Fourier transform to tggo(r) given in Ref. 5. coordination number for water. The coordination number is
defined as

hoo(Q)

Ironically, given the greater confidence that the scatter- F min
ing experiments should give in regard to defining peak posi- Nc:47TPf0 r2drgoo(r), (8
tions accurately, we see that there is still some disagreement
between all of the experiments. We know that the primarywherep is the number density of water amg,, is the loca-
water peak position of the intensity curve@space for our tion of the first minimum ingoo(r). Application of this for-
ALS experiment is shifted to higher angle than older x-raymula to the RDFs in Fig. 3 gives values fNg of 5.1, 5.2,
experiments, a difference that is significant between the twand 4.7, for Narten and Lewy/!® Soper, Bruni, and Ricdi,
experiments based on error bars estimated from our Work. and the current work, respectively. A coordination number
The meaningful shift to higher angle of the intensity is there-below five indicates that liquid water preserves much of its
fore consistent with a determination ofygo(r) with shifted ice-like tetrahedral structuring, but with differences in
peak positions to smaller and is not an artifact of the fitting hydrogen-bonding patterns that would also now include de-
procedure. There is a clear trend in the experimental dattormed or bifurcated hydrogen bon#fsAn associated liquid
over the years toward peaks that are shifted to smallar such as water should be contrasted to the case of atomic
0oo(r). We conclude that the quantified errors in our ALS liquids where the coordination number is closer to 12 repre-
experiment makes a definitive assignment as to the peak psenting the structure of a fluid dominated by repulsive forces
sition values ofgo(r), and we advocate their reproduction and packing consideratiof$We see~10% reduction irN,
by water simulations to within 1%. from our experiment that, together with greater peak heights

Our analysis shows that goo(r) with a higher and and positions shifted to smaller suggests liquid water has
sharper first peak is always consistent with the present datajore ice-like structure than has been the case based on past
with our best-fit peak height giving a value of 2.8. We find ascattering studies.
lower bound to the height of the first peak to be 2.6, which  Since we propose here a modification of the traditional
gives an acceptable, but clearly nonoptimal fit to our experiapproach to analyzing x-ray scattering, it was important to
mental x-ray intensities. The reported x-ray and neutrorinvestigate the sensitivity of our modeling to the parameters
studies have reported first peak values of 2.2. Much of thex and 6 introduced above. Encouragingly, very similar re-
information determining the exact height and shape of thisults for the oxygen—oxygen radial distribution function
peak is present in the scattering at wave vectors above 7Were obtained for a varying range of corresponding to
A~ and x-ray scattering intensities at much higher angladipole moments of 2.6—3.0 D an#lranging from 1.9 to 2.5
would be desired to further restrict the peak heijt®® A~ This is explainable in view of the fact that the MASF
Nonetheless, we are confident that a higlier2.6) and  prescription, Eq(5), changes the atomic scattering factors
sharper first peak is correct, and should be a feature capturedost in the low-Q region~2 A™! and below, where the
by empirical water potentials aab initio simulations, but resulting impact on the real-space radial distribution function
with uncertainty in the peak height value above 2.6. is lower.

Proof of this is immediately evident in a comparison of Above it was argued that oxygen—hydrogen correlations
hoo(Q) obtained from the current experiment, Narten andmake only a small contribution to the total x-ray scattering
Levy, and Soper, Bruni, and RicciFig. 5). The shorter and profile, and our fitting procedure has confirmed this to be
broader first peak imoo(r) reported by the two other ex- true. Variousgoy(r)s drawn from simulatioh®*4%4! and
perimental groups manifests itself at high@ras exponen- experiment provide comparable good fits to the observed
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curve. The oxygen—oxygen RDF in Fig. 3 was derived by T g T
assuminggon(r) from Ref. 5, but it is interesting that the
TIP4P' g (r) seems to give the closest agreement of any 3F ]
trial oxygen—hydrogen RDF, although the improvement of
the fit is not dramatic. The TIP4P RDF mostly differs from
Soper’s in that the first peak is taller and sharper, further
indicating that our analysis finds taller and sharper first peaks _ 2 |
consistent with the data. This might be expected sg(cé’s bS
extracted with a method which optimizes for smooth func- @
tions, such as the minimum noise method used by Soper

et al® would necessarily favor diminished and broader 1
peaks.

DISCUSSION 0 J

The small shift in peak positions and sharper first peak in (a)
the oxygen—oxygen radial distribution function, derived by
our above analysis on our recent x-ray scattering experiment
of liquid water at 27 °C and 1 atif has several implications
for our current understanding of the structure of water. The
x-ray scattering profile provides sensitive feedback as to
which models are under-structured, possessing too weak of
correlations beyond the first solvation shell, and which mod-
els are over-structured, possessing too strong of correlations.
The predicted scattering profile from simulation of a pre-
ferred water model if matched against our experiments can
be a good test that the structure of the liquid is being faith-
fully reproduced. In Figs. 6—9 we compare ao(r) de-
rived from our experiment with simulategoo(r)’s using
existing nonpolarizable and polarizable empirical force fields
for liquid water, as well as recerdb initio simulations on J

9oolr)

liquid water. 0 1 3 5 7 9
(b) r/A

Empirical, nonpolarizable water models

Figure 6 shows a Comparison 960(") of the ALS ex- FIG. 6. Comparison of current experimentg)o(r) (black ling with simu-

. . lations using nonpolarizable water mode(a). TIP3P (gray line and SPC
40 41 0
periment with that of SP@? TIP3P,” SPC/E," and TIP4P (dashed lingthree-point models do a poor job of reproducing the ALS data.

The first three are three-point charge models while TIP4P igo) TIP4P(gray ling and SPC/Edashed ling four- and three-point models,
a four-point charge model. All are empirical nonpolarizableshow better agreement with the ALS data.
water force fields. Based on the comparison of the ALS data
in Fig. 6(a), we would argue that SPC and TIP3P are poor
descriptions of water structure, especially since tetrahedral Figure 7 displays a comparison of the Alggy(r) with
structure as measured by the second and third peaks fkat of the five-point ST2? ST4/ and and recently proposed
greatly diminished with respect to experiment. TIP5P® water models. ST2 was the first molecular water
While the poor structural performance of the SPC andmodel developed to provide a simulation-based description
TIP3P water models is appreciated in the simulation commuef water over a wide range of conditions, and is historically
nity, they are often still used in large size scale or long timesignificant because qualitative insight into the diverse mo-
scale simulations of pure water or protein—water studies dukecular properties of water were successfully obtaitfe8iT2
to the favorable reduced computational cost of simple threehas been criticized as being “too tetrahedrat* and it re-
point models. We note that the robust#iBER protein force  mains the case that, when compared to our ALS-derived
field was parametrized for use with TIP3PWhile a water  goo(r), ST2 is over-structured. ST4 is a modification of ST2
model should be judged on its global properties, our scatterthat was pursued to study the orientational effects in the
ing results discourage the use of models such as SPC atiduid,” and was designed to reproduce the neutron scattering
TIP3P. Our recent solution scattering simulations of concengog(r) reported by Soper and Phillig§P.* When compar-
trated N-acetyl-leucine-methylamide in water usugBeRr ing the ALS data against ST4 simulation, we see some no-
and SPC showed rather poor quantitative agreement with odiceable structural improvement for ST4 relative to ST2, but
x-ray scattering experiment$> A comparison of the simple it is still inadequate, and by association so is the older neu-
three-point SPC/E model and the four-point TIP4P nonpolartron study of watef. TIP5P is a new water model param-
izable model, show that the overall agreement of these mocktrized independent of our ALS data that reproduces the den-
els with experiment is quite good. sity of liquid water accurately over a temperature range from
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T T T ment between simulations and experiments away from am-
bient conditions or for heterogeneous chemical
systemd>°455
Figure 8 shows a comparison of our Algg,o(r) with
several polarizable water models including a fluctuating
charge version of TIP4P that we call TIP4P-E@n exten-
sion of TIP4P-FQ that introduces an additional coupling be-
tween the Lennard-Jones interaction parameters for a pair of
oxygen sites and their partial charg8s[IP4P-Pol-1, exten-
sion of the MCY water model to include flexible bonds and
angles, as well as many-body effects, NCC-/ilthe polar-
izable point chargéPPQ model® and a simple polarizable
model developed to reproduce water properties over a wide
range of conditions by Chialvo and Cummin@3C).*®
The CC model shifts all peaks to largerand has a very
large peak as well as overemphasis on the loss of density at
the first minimunt® While overall its structure does least
3 . r . well among the polarizable water models, its parametrization
= may well reproduce nonambient states bettahe NCC-vib
modeP’ also overemphasizes the loss of density at the first
minimum, but is otherwise faithful to the experimentally de-
terminedgoo(r). For the TIP4P-FQ mod@land the PPC
model?8 it is evident that the overall agreement is excellent,
although the position of the experimental first peak is not as
well-reproduced as the nonpolarizable TIP5P model. The
TIP4P-pol-1 water model shows improvements in first peak
positions relative to TIP4P-FQ, but overemphasizes loss and
gain of density at the first minimum and second maximum,
respectively. While overall the polarizable models perform
well, these new generation of force fields are not optimal
performers at ambient temperature as are some of their non-
J polarizable partners.

9oolr)

1 3 5 7 9
(b) r/A

FIG. 7. Comparison of current experimentg)o(r) (black ling with simu- Ab initio molecular dynamics simulations

lations of five-point nonpolarizable water models). ST2 (dashed lingand The first fuIIy quantum treatments of electronic structure

ST4 (gray line; ST4 is a variant of ST2 that was designed to reproduce. : . L -63
accurately the original neutron experimental data from Soper and PhiIIipén aqueous simulations are beglnnlng to emé?geé, and

(Ref. 4. (b) Comparison to the newest water model TIRGRay line that ~ Provide another interesting point of comparison to our ex-

shows the best agreement compared to all simulations of liquid water experiments and theoretical analysis. All rely on a local density

amined in this work. approximation to density functional theory. Differences
among functionals in the condensed phase have been inves-
tigated for liquid water in Ref. 60, and showed that

—37.5°C to 62.5°C at 1 atif?. The agreement of the TIP5P BLYP®*® performed best compared to other density func-
simulation with the ALS data is remarkable, and as far adionals considered at that time. The more recently introduced

goo(r) iS Concerned’ iS a noteworthy improvement OverPBE66 funCtionaI Used in thab |n|t|0 Simu|ati0n reported in
TIP4P. Ref. 62 gives binding energies and oxygen—oxygen distances
that are closer to a large basis set MP2 calculfion the
water dimer relative to the BLYP functional.

In Figure 9 we show a comparison of our ALS-derived
data with several recently reporteab initio simulated

While the nonpolarizable models SPC/E and TIP4Pgoo(r)’s. These include a 10 ps, 64 water molecule molecu-
show good agreement with our ALS data, and the new TIP5Rar dynamics(MD) run with a gradient-corrected BLYP
model gives excellent agreement, applications of nonpolarizfunctional with an average ionic temperature of 318 &5
able models to water phenomena away from ambienps, 32 water molecule MD run with the gradient-corrected
condition$*® or aqueous solution structural studfé¥ have  BLYP functional and average ionic temperature of 308K,
proven them to be deficient when taken outside their optimah 2 ps, 54 water molecule MD run with the PBE functional,
parametrized state. We expect that the next generation @nd at a temperature 6f300 K2 and a new 6.4 pab initio
empirical force fields will include polarizability, often ac- simulation with the PBE functional at294 K by Schwegler
cepted as a necessary means of improving quantitative agreerd co-worker§® to be reported in a future publication.

Polarizable water models
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FIG. 8. Comparison of current experimentg)o(r) (black ling with simu-
lations using polarizable water mode(a) The TIP4P-Pol-1 moddRef. 56

(gray line and TIP4P-FQ modelRef. 6 (dashed ling (b) The CC model
(Ref. 45 (dashed ling and the PPC moddRef. 58 (gray line. (c) The
NCC-Vib model(gray line (Ref. 57.
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FIG. 9. Comparison of ALS experimentab(r) (black ling with ab initio
molecular dynamics simulationga) Silvestrelli and ParrinelldRef. 8 ab
initio simulation of 10 ps for 64 water molecules, average ionic temperature
of 318 K(gray ling, Spriket al. (Ref. 6]) ab initio simulation of 5 ps for 32
water molecules, average ionic temperature of 303dKshed ling (b)
Schwegleet al. (Ref. 62 ab initio simulation of 2 ps for 54 water molecule
average ionic temperature 0f300 K (gray line; more recentab initio
simulation by Schwegleet al. (Ref. 63 3 ps for 54 water molecules, aver-
age ionic temperature 0294 K (dashed ling

While the quantitative agreement is not as adequate as one
would hope, we will see that some aspects of the comparison
are favorable.

In the case of the publisheab initio simulation using
the PBE functionaf? the reportedyoo(r) was based on an
initial water configuration taken from a TIP4P simulation,
first simulated afT=600K, p=0.9g/cc, then cooled td
=300K at the same density, and finally the density was
increased tp=1.0 g/cc at room temperature. In each case of
a given density and temperature point, the system was equili-
brated with a thermostat for approximately 0.5(g8s does
not include the time it took to cool or heat the simulajion
and then data was collected with the thermostat off for 2.0
ps. Theab initio simulations using the PBE functional were
much shorter than other BLY®&b initio simulations for sev-
eral reasons. First J® and not DO was simulated, so that
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the time step used was three times smaller than other studies T T T
(~0.05 f9. Second this calculation used a plane wave cutoff
of the pseudopotential for oxygen of 80 Ry, which is neces- 3 |
sary to reliably calculate pressure in water, which was the
purpose of the PBE study.

The positive aspects of the PBE simulation reported in
Ref. 62 is that it gets peak positions spot on, and the dis- —~2 [
torted magnitudes and shapegyq(r) might improve with
longer simulation runs. Currently, however, we suspect that
the system had not reached an equilibrated state in this short
amount of simulation time, and therefore that statistics col- 1
lected over 2 ps have not given converged results. We think
the reported ambiergoo(r) from this simulation shows re-
sidual structure from its “history,” i.e., the 0.9 g/cc low
density state that is also known to give greater magnitudes in 0
peak positions that arise from local regions of relatively high (5 r/A
density®® This was partly confirmed by a more receatt
initio simulation that was started from the simulation re- T r r
ported in Ref. 62final temperature and density of 300 K, 1.0
g/co), heated to 600 K then cooled T=300K, and at all 3
stages maintaining a density of 1.0 g/cc. The average ionic
temperature is 294 K. The 6.4 ps simulation results shown in
Fig. 9b) show much improvement relative to the original
data reported in Ref. 62, and will be analyzed further in _ 2
Ref. 63. =

In the case of theab initio simulations using the >
gradient-corrected BLYP function&t the originally reported
Ooo(r) was derived from a simulation that was basedona 32 1}
water molecule configuration taken from a TIP4P classical
simulation. The system was equilibrated with a thermostat
for approximately 0.5 ps, and then data was collected with J
the thermostat off for 5 ps with an average ionic temperature 0
of 303 K. More recently, arab initio simulatiof with 64 1
water molecules reports a negyo(r) derived from a con-
figuration taken from a body-centered cubic lattice with ran-FIG. 10. The changes igoo(r) expected as a function ¢&) temperature,
dom orientations, equilibrated with a thermostat for an unre298 K (black ling and 318 K(gray ling and (b finite size effects for 32

. . waters (dashed ling 64 waters(gray ling, and 512 watergblack line,
ported length of time, and_ t_hen data was c_:ollgcted with th%sing the polarizable TIP-FQ modeRef. 6.
thermostat off for 10 ps, giving an average ionic temperature
of 318 K.

The comparison of the 32 water and 64 water molecule
BLYP functional simulations to our ALS data as well as pastsizes of~64 or more water molecules. This suggests that the
experiments; > is complicated by both finite size effects and smaller systemab initio simulations would be somewhat
higher temperatures, and it is worthwhile discussing thesever-structured, with peak positions shifted to smallefi-
well-known effects on structure that can be found in the clasnite size effects are clearly apparent for 32 water molecule
sical simulation literatur®~">We show in Fig. 10 a simu- simulations with BLYP®! and therefore some of the struc-
lation with the TIP4P-FQ model for 512 waters at two dif- tural differences seen in those simulations are clearly due to
ferent temperatures: 298 K and at 31§Kg. 10a)] as well  the small box size used. In the case of the 64 water molecule
as differences imog(r) due to finite size effects by consid- simulation with BLYP the finite size effects are greatly di-
ering 32, 64, and 512 waters at 29§ Kig. 10b)]. We chose minished(as is probably the case for 54 water molecules for
the polarizable water model since the interaction potentiathe BP simulation®® However, the higher temperature clas-
complexity mimics the electronic distortion seen in @b  sical simulation shows structural differences at room tem-
initio simulation, unlike the nonpolarizable water models,perature that are partly consistent with changes observed be-
giving us a better idea how temperature and finite size effectaveen theab initio simulations at~300 K and 318 K,
may influence theab initio results. As we see from Fig. namely in the first peak, and some population in the first
10(a), higher temperatures result in an overall softening ofminimum. It is not immediately clear that differences cited
the structure, with diminishment of the first and second peakbetween the 32 and 64 water molecule simulations are
and a rise in the first minimum. As seen in Fig.(i)0the largely due to finite size effecfsbut instead we would also
structural distortions due to finite size effects are significangttribute the observed structural changes to be due to the
for 32 water molecules, but largely disappear for systemhigher temperature.

9oo(r)

—
wl
(3]
~J
©

3 5 7 9
(o) r/A
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CONCLUSION TABLE |. goo(r) of various nonpolarizable and polarizable effective po-
) tential models of wate@b initio simulations, and experiments. Data is listed
We have presented an analysis of our recent ALS X-raysr, goo(r) pairs.

experiment on pure liquid water at ambient temperature ang

pressure. The traditional application of Eg) to analysis of Lst st 2nd 2nd 3rd
. . . Joo(r) peak  minimum peak  minimum peak
x-ray scattering employs the atomic scattering factors de-
rived from isolated atom calculatioRSWith the current ex-  SPC 277,282 3.49,0091 4.53,1.04 570,093 6.85,1.04
perimental results, we found that using these atomic scatterS”C 275,307 331,080 4.49,1.11 5.65 0.90 6.83, 1.05
factors gave a much less satisfactory fit to the data. Al i 277,269 3.53,094 4.63,1.00 5.77,096 681,103
ing 9 y Mripap 2.76,2.98 3.36,0.82 4.40,1.09 5.60,0.91 6.71, 1.05
important part of this present work is to advocate the devel-rpsp 2.73,2.87 3.37,0.78 4.47,1.15 5.60, 0.89 6.72, 1.05
opment of better methods for quantitatively analyzing liquid- T|P4P-Fc§ 2.79,3.07 3.32,0.83 4.43,1.17 558,0.84 6.73, 1.09
state x-ray scattering. Both the condensed phase form factd#C 2.77,3.52 3.25,0.73 4.60,1.13 566, 0.86 6.99, 1.06

nd th mi rina f rs will alw. hav m NCC-vik? 2.74,2.89 3.27,0.67 4.41,1.17 561,084 6.71, 1.08
and the atomic scattering factors always have to come 2.77,3.04 3.38,0.82 4.48,1.10 5.65,0.89 6.81, 1.05

f dels, preferably derived f densed-ph gt .
rom models, preferably derived from conaensed-phase Calypsp poli  2.71,3.04 3.31,0.75 4.37,1.16 5.56, 0.87 6.67, 1.06

culations. It seems that the ideal approach would be to dgsti 2.83,3.20 3.48,0.67 4.61,1.18 5.71,0.86 6.91, 1.09
away with this level of modeling and the allocation of elec- ST4 2.83,3.00 3.43,0.74 4.59,1.10 5.82,0.90 6.89, 1.05
trons into convenient parts and to instead apply Epwith- CPMD (32 276,262 3.37,0.64 4.31,127 555 075 6.68, 1.24

CPMD (64™ 2.78,2.35 3.32,0.83 4.39,1.17 5.47,0.84 6.56, 1.06
LLNL (54" 2.71,3.17 3.36,0.50 4.44,1.37 5.56,0.78 6.69, 1.16
New LLNL® 2.78,2.60 3.47,0.69 4.52,1.20 5.58,0.88 6.80, 1.12

out further assumptions. With the advent of completaiy
initio simulations of liquid wate?;°°~®3this would now seem

possible. As well as publishing radial distribution functions narten 2.84,2.18 3.45 0.83 450, 1.15 555, 0.87 6.86, 1.07
probing nuclear—nuclear correlatiors initio simulations and Levy
could predict the x-ray scattering straight from the distribu- Soper ; 2.88,3.09 3.33,0.73 4.50,1.14 5.68,0.88 6.75, 1.07
tion of electron density in their simulation box. This would &nd Phillip
timatel id y h i t test of th (Soperetal’  2.79,225 349,078 448,115 551,089 672 1.06
uftimately provide a much more stringent test ot the current,, s 2.73,2.83 3.41,0.79 4.44,1.13 551,0.86 6.66, 1.07
ab initio simulations and give more confidenceab initio
predictions of the water radial distribution functions. ‘Reference 39. TReference 7.
We have made satisfactory progress using (2).how- cﬁgz:gggg ié' n';egfgfe”:fe%l'
ever,.where we have argued tha_t considerations of the charggeference 53. "Reference 62.
density of the water molecule in the condensed phase réReference 6. °Reference 63.
quires a modification of the isolated atom scattering factors*;eiefence ‘é57 zge}‘efe”ce i-
ererence . ererence 4.
this difference proved sufficient to give a much stronger flthReference 58, ‘Reference 5.
for the analysis using the MASF model. Furthermore, it iSiReference 56. sReference 18.

clear based on this analysis that an x-ray scattering experiReference 52.
ment largely contains information abaggo(r), with only a
small component due to the O—H correlations. This means
that our reported measurement will be more reliable for OQgo(r) should be reproduced by a water model, and which
correlations than that determined by neutron scattering, andiater models favorably reproduce those features. Table |
the quality of our experiment make it preferable to that of theprovides a structural summary of peak and trough positions,
original Narten and Levy data. and their magnitudes for various nonpolarizable, polarizable,
We presented @yoo(r) for water consistent with our ab initio simulations, and experiment. In the nonpolarizable
recent experimental data gathered at the ALS, which is difwater model category we find that TIP3P, SPC, ST2, ST4, as
ferent in some aspects than thg(r) reported by other well as MCY (data not shownhare inadequate structural de-
x-ray and neutron scattering experiments. We find a tallescriptions of ambient water, while SPC/E and TIP4P give
and sharper first peak, and systematic shifts in all peak posgood agreement with our ALS experiment. The recently in-
tions to smallerr, relative to past reported experimental troduced TIP5P five-site modélgives excellent agreement
Ooo(r) data. Because much of the experimental informatiorwith our ALS data, and in addition to its robust performance
on the first peak irgoo(r) resides in the tail of the data at in accurate densities over a large temperature range, makes it
larger values of) than probed by the current experiment, we possibly the current nonpolarizable water model of choice in
cannot precisely assert the exact height of gag(r) peak classical simulation. We find that the NCC-vib, PPC, and
other than to say that it should be greater than 2.6. We ddIP4P-FQ, and TIP4P-Pol-1 polarizable models perform
find, however, consistent agreement on second and thirdquite well, but with some problems in the vicinity of the first
peak magnitudes between all experiments which is worthpeak. The CC model has similar problems to the former po-
while reproducing by the simulation community. Based onlarizable models, but also shows shifts in all peak positions
our experiments discussed in the companion article, and thée largerr than what we determine from experiment.
oretical analysis in this work, we would argue that liquid The problems with the reportedb initio results arise
water is more structured than that determined from past scafrom several sources that typically have been investigated
tering experiments. and overcome in the classical simulation literattire?
Given the current experimental picture concerning theThese include dependence on initial conditions, length of the
structure of liquid water as probed by x-ray and neutron scatsimulations, variation in system properties that arise with
tering experiments, we have outlined what features otemperatur® or density®® and finite size effect§"’? First
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principles approaches to condensed phase simulations can aed Parrinelld provide preliminary evidence for quantitative
improved in a number of ways. A minimum of 10 ps is likely improvement in this regard.

required to report meaningful averages, since the time re- It has been noted that the parametrization of the global
quired for water to diffuse one molecular diameter is 6 psproperties of water, i.e., developing a water model that ex-
based on the experimental diffusion constant of 2.4hibits reasonable dielectric and diffusion constants, pressure,
x 10~ ° cn¥/s. Because temperature, pressure, and density eflensity maximum, in addition to sensible structure, is incon-
fects can have significant effects on structure, it is importansistent with a model that gives a shorter and more broad first
to compare the same thermodynamic state between expeReak of the oxygen—oxygen radial distribution functidrit
ment and simulation. It is also interesting to note that thdS interesting to note that almost all empirical water models,
transferability of a functional designed with gas-phase propf€gardless of the number of charge centers and whether po-
erties in mind will need proper calibration of its performance!@rizable or nonpolarizable, exhibit a relatively high and
in the condensed phagas was done in Ref. 60since BLYP sharp first peak, _contrary to past experiments. In fact, with
and PBE do not include long-ranged dispersion. Given th&0me few exceptions such as SBhd a water model devel-
current computational expense that prohibit box sizes typioPed by Watanabe and Kiefmost water models have not
cally used in empirical force field simulations at present,P€€N parametrized to reproduce the high first peak of the

these are largely technical limitations that will clearly dimin- ©119inal SP data as was stated in Ref. 8.

ish over time, and we would expect quantitative agreement In conclusmn,_ extensmn_ of our exper_lmentfs, s_|mu|a-
toi : tions, and theoretical analysis will include investigations at
0 improve in the future. hiah dl ¢ i d 0 aid in th

It is interesting to consider what are the underlying goals 'gher and lower temperatures and pressures fo aid In the

of the classical andb initio approaches to condensed phasedevelopment of water models and simulations that are suc-

simulation of systems such as liquid water. In the classicafessm over a wide range of thermodynamic states. We have

. . . . .. Just completed a series of runs at the ALS on liquid water
simulation arena, fixed charge models can be viewed as “ef- o o
o . . . over a range of temperatures of 10 °C to 70 °C at 1 atm, that
fective” potentials that inherently include quantum effects

and electronic polarization through parametrized condense e will report on in the near futur€. In our own group, we
P gnp quire quantitative improvements of aqueous solution simu-

phase values of the water dipole moment. Polarizable empir||-ations to use with solution scattering experim&tto in-

cal force fields fall into the same category of effective po-\qqtigate hydration forces in protein folding and stability,
tentials, although they treat many-body effects in a more,,y 5 probe how protein folding, stability, and kinetics
explicit way. The next generation of empirical force fields change with temperature and pressure.

that will include polarizability is often motivated as a neces-

sary means of improving quantitative agreement between
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